The mechanism of hybrid-arrested translation by antisense oligodeoxynucleotides has been investigated with the rabbit reticulocyte lysate system. The oligonucleotides studied were directed against different regions of mouse a-or f-globin mRNAs. Freshly prepared reticulocyte lysates were found to contain 1-2% of the level of RNase H in nucleated cells. This level of activity was sufficient to cleave nearly 100% of the targeted mRNA at the site of hybridization with a complementary oligodeoxynucleotide in 1 hr under conditions of active translation. Using poly(rA)'oligo(dT) as a competitive inhibitor of the enzyme, hybrid arrest by oligodeoxynucleotides complementary to the sequence spanning the initiation codon or to a sequence in the coding region was found to be due entirely to cleavage of mRNA by RNase H. Hybridization of oligodeoxynucleotides adjacent to the cap site of 3globin mRNA, but not the a-globin mRNA, also inhibited protein synthesis directly. Even in this case, however, cleavage of the mRNA by RNase H was the predominant pathway of inhibition.
The use of antisense DNA or RNA fragments to block the translation or processing of specific mRNAs provides a powerful tool for studies of the regulation of gene expression and development (1, 2) . That short oligonucleotides may be useful for this purpose was first demonstrated by Zamecnik and Stephenson (3, 4) . Oligodeoxyribonucleotides complementary to the 3'-and 5'-terminal repeat sequences of Rous sarcoma virus were found to inhibit viral replication and the expression of viral proteins in chicken embryo fibroblasts. Numerous studies have since shown that antisense oligonucleotides are able to arrest the translation of selected mRNAs when added to reticulocyte lysate or wheat germ in vitro translation systems (5) (6) (7) (8) (9) (10) (11) (12) (13) or when microinjected into Xenopus oocytes (11, (14) (15) (16) . Investigations of membranepermeable oligonucleotide analogs and derivatives conjugated to carrier molecules to facilitate intracellular transport increase the prospect that antisense oligonucleotides may also be useful as therapeutic agents (17) (18) (19) (20) . The problem of drug specificity, the major hurdle in the development of conventional chemotherapeutic agents, could in principle be solved simply by choosing an oligonucleotide of the appropriate sequence to selectively block the expression of the targeted gene. An early application of this approach is likely to be in the development of specific antiviral agents.
There are two mechanisms by which antisense oligodeoxynucleotides may inhibit translation. Formation of the RNA-DNA duplex may exert a direct steric effect, blocking the binding of factors required for the initiation of translation or impeding translocation of the ribosome along the mRNA resulting in chain-termination. Alternatively, the mRNA may be cleaved by RNase H at the site of the RNADNA heteroduplex. RNase H is a ubiquitous enzyme required for DNA replication. It is thought to digest the short RNA primers used to initiate DNA synthesis. The enzyme also appears to be present in the cytoplasm (21, 22) . RNase H is abundant in frog oocytes (23) and has also been identified in the wheat germ cell-free translation system (9, 10, 15) .
In the present work, we have examined the relative importance of these two mechanisms for oligonucleotides that are complementary to sequences that lie within the coding region of the mRNA, that span the initiation codon, or that hybridize to the very 5' end of the mRNA. The oligonucleotides studied were directed against mouse a-or /3globin mRNAs. Freshly prepared reticulocyte lysates were found to contain between 1% and 2% of the level of RNase H in actively dividing cells. This was sufficient to cleave ="100% of the targeted mRNA in the presence of a complementary oligonucleotide within 1 hr under conditions of active translation. Scission of the mRNA, demonstrated by RNA gel blots, occurred specifically at the predicted site of hybridization. Prehybridization of the oligonucleotide to the mRNA was not necessary. Reticulocyte lysates, although derived from an enucleated cell, do not present a background free of RNase H. To determine if the formation of the RNA-DNA duplex alone is sufficient to inhibit translation, it was necessary to develop a means to block the activity of the enzyme. Poly(rA)-oligo(dT) served as an effective competitive inhibitor of RNase H, without significantly inhibiting translational activity. The arrest of translation by antisense oligonucleotides that hybridize within the coding region of the mRNA or over the initiation codon was found to be due entirely to the cleavage of the mRNA by RNase H. Hybridization of oligonucleotides to the very 5' end of /3-globin mRNA, but not to the a-globin mRNA, also inhibited protein synthesis directly. Even (Table 1) were synthesized on a Beckman automated DNA synthesizer with the 2-cyanoethyl phosphoramidite method. Prior to removal of the terminal 5'-O-dimethoxytrityl group, the oligonucleotides were purified by reversephase HPLC on a Hamilton PRP-1 column. The oligonucleotide was eluted with a 5-45% (vol/vol) linear acetonitrile gradient in 0.01 M ethylenediamine acetate (pH 8.0). The dimethoxytrityl group was removed by treatment in 80% (vol/vol) acetic acid in water for 30 min at room temperature. All glassware used was baked at 220'C for 6 hr to avoid contamination with RNases.
Abbreviation: BMV, brome mosaic virus. *To whom all correspondence and reprint requests should be addressed.
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The publication costs of this article were defrayed in part by page charge payment. This article must therefore be hereby marked "advertisement" in accordance with 18 U.S.C. §1734 solely to indicate this fact. Preparation of Mouse Globin mRNA. Female BALB/c mice (20 g) were made anemic by intraperitoneal injection of 1-acetyl-2-phenylhydrazine (0.1 mg/g of body weight) for 4 consecutive days and by a fifth dose on day 6 . The animals were sacrificed by cardiac puncture 1 day later. The level of reticulocytosis was then >95%. Total cytoplasmic RNA was purified from the reticulocytes by the method of Goossens and Kan (24) .
Preparation of Rabbit Reticulocyte Lysates. Reticulocyte lysates were prepared as described by Pelham and Jackson (25) .
In analyzed by electrophoresis on Triton/acid/urea gels (26) to separate the a-and 1-globin chains. The gel was fixed in fluorographic reagent (Amplify, Amersham) and exposed to preflashed Kodak XAR-5 film at -80°C. The autoradiogram of the gel was used to localize the globin bands. The globin bands were then excised, and the radioactivity in these bands was measured. The gel slices were dissolved in 0.25 ml of30% (vol/vol) H202, incubated at 50°C for 3 hr and added to 5 ml of toluene-based scintillation fluid.
RNA Gel Blots. RNA samples were denatured in 50%o (vol/vol) dimethyl sulfoxide in H20 containing 1 M glyoxal and electrophoresed on 1.5% agarose gels in 10 mM sodium phosphate buffer (pH 6.5) (27) . The denatured RNAs were transferred to GeneScreenPlus (New England NuclearDuPont) as described by the manufacturer. The filters were baked for 1 hr at 80°C and prehybridized in a solution containing 1% NaDodSO4, 1 M NaCl, 10% (wt/vol) dextran sulfate, and 50 mM sodium phosphate (pH 6.5) for 2 hr at 52°C. Hybridization with 32P-labeled oligonucleotide probes (25-mers) was carried out under the same conditions, with the addition of denatured salmon sperm DNA (200 ,g/ml), for 16 hr; 2 x 106 counts of the labeled probe were used with each filter. After hybridization, the filters were washed first in 2x SSC for 5 min at room temperature, then in 2x SSC plus 1% NaDodSO4, for 1 hr at 52°C, and finally in 0.lx SSC for 5 ,ul containing salmon sperm DNA (0.5 mg/ml), 0.1 M sodium pyrophosphate, and 1 mM EDTA and 300 1d of 10% (wt/vol) trichloroacetic acid. After incubating on ice for 20 mmn, the material was centrifuged at 15,000 x g for 10 min, and the tritium liberated in the supernatant was measured by liquid scintillation counting.
RESULTS
Inhibition of Translation of Mouse a-and 3-Globin mRNAs with Antisense Oligonucleotides. More than 95% of the total mRNA isolated from mouse reticulocytes is globin mRNA (28) . When this mRNA (20 ,ug/ml) was used to program protein synthesis in the rabbit reticulocyte lysate system, the observed /&/a-globin ratio of [35S] methionine incorporated into the two chains was 1.7 ± 0.1 (n = 12), in agreement with values found at subsaturating concentrations of mRNA (28).
(-Globin minor and a1-globin, a minor a-chain variant, were sometimes resolved by Triton/acid/urea gel electrophoresis (Fig. 1 , lane 1), but were not quantitated separately. The sequences to which the antisense oligonucleotides were directed in each case were identical in the related major and minor hemoglobin species. The overall level of inhibition of globin synthesis in the presence of oligonucleotide calculated from the radiolabeled bands excised from the gel generally agreed well with the value determined directly from radioactivity in the total acid-precipitable material (see Table 2 ).
Three sets of oligonucleotides were studied ( The a-and 3-chains were separated by electrophoresis on Triton/acid/urea gels (see Fig. 1 ). The bands were excised from the gel, and radioactivity was measured to determine the level of synthesis of each subunit. *Total protein synthesis was calculated from the formula [%a + R(%/3)]/(l + R), where R is the ratio of cpm incorporated into the a-and p-chains (/3a) in the absence of oligonucleotide, and %a and %/3 are the amount of each subunit synthesized in the presence of oligonucleotide as a percent of the control value. The calculated values, dependent only on the electrophoretic method, are in good agreement with those determined directly from total protein synthesis measured by trichloroacetic acid-precipitable radioactivity.
Two longer sequences, CODMA-25 and CODMB-25, were also studied. Their inhibitory effect was much greater than that of the corresponding 15-mers. Synthesis of the ,-chains was almost entirely eliminated in the presence of CODMB-25 at a concentration of just 4 ,uM.
Each of the oligonucleotides studied also inhibited the synthesis of the opposite globin chain to some extent. This result is not surprising for the oligonucleotides hybridizing to the 5' end of the mRNA or spanning the initiation codon. The target sequences within the a-and ,3globin mRNAs are highly homologous; 12 of 15 residues are identical in both instances. However, CODMA-15 (25) and CODMB-15 (25) are complementary to sequences that are unique to each of the a-and ,B-globin mRNAs and would be expected to be more selective. None of the oligonucleotides significantly inhibited the translation of brome mosaic virus (BMV) RNA ruling out a generalized inhibition of protein synthesis. The possibility that the RNA-DNA duplex formed with the targeted mRNA activates (2'-5')oligoadenylate synthase or the interferon-induced protein kinase, which phosphorylates eukaryotic initiation factor 2a, as does double-stranded RNA, can also be eliminated. Both of these enzymes are present in reticulocyte lysates, as is the nonspecific ribonuclease activated by (2'-5')oligoadenylate, termed RNase L.
Whereas addition of poly[(rI)-(rC)] (2 A260 units/ml) to the reticulocyte system completely blocked translation of BMV RNA, the combination of globin mRNA and ICMA-15, inhibited BMV protein synthesis by <5% (data not shown).
Reticulocyte Lysates Contain RNase H. The level of RNase H in rabbit reticulocyte lysates was assayed by using poly-(rA)-oligo(dT) as a substrate (29) . The level of activity observed in freshly prepared lysates, 2.4 units/mg of protein, is between 1% and 2% of that in actively dividing cells (Table  3 ). The activity was decreased by -50% in lysates obtained commercially (Promega Biotec), suggesting that the enzyme may lose activity upon storage or upon freezing and thawing of the sample. There was no detectable activity in mature erythrocytes. Fig.  2A , a ,B-globin-specific oligonucleotide was used to probe the RNA gel blot; in Fig. 2B , an a-globin-specific oligonucleotide probe was used. Both probes are 25 nucleotides long and hybridize at the 5' end of the mRNAs.
CODMB-25 is complementary to nucleotide residues 269-293 within the coding sequence of mouse ,B-globin mRNA. Incubation of the preformed hybrid in the reticulocyte lysate system resulted in almost complete cleavage of mRNA after 1 hr (Fig. 2A, lane 3) Fig. 2 , globin mRNA was incubated in the rabbit reticulocyte lysate system with CODMB-25 under the same conditions as in the translation experiments. The extent of cleavage of 3-globin mRNA was determined by analysis of the RNA on RNA gel blots (Fig. 3) Fig. 2 . An oligonucleotide that hybridized specifically to the 5' end of the 3-globin mRNA was used as a probe. Lanes: 1, globin mRNA alone; 2, globin mRNA plus CODMB-25 incubated in reticulocyte lysate; 3, globin mRNA plus CODMB-25 digested with E. coli RNase H; 4, globin mRNA and CODMB-25 in reticulocyte lysate with poly(rC)oligo(dG) at 4 A260 units/ml; 5, globin mRNA with the same concentration of poly(rC)-oligo(dG); 6, globin mRNA and CODMB-25 in reticulocyte lysate with poly(rA)-oligo(dT) at 4 A260 units/ml; 7, globin mRNA with the same concentration of poly(rA)-oligo(dT). The extent of inhibition of protein synthesis was determined from total trichloroacetic acid-precipitable radioactivity. The concentration of poly(rA)oligo(dT) added to the in vitro translation reaction mixtures was 8 A260 units/ml. of the mRNA by RNase H is necessary to arrest translation. At concentrations of CODMB-25 and ICMA-15 severalfold higher than those used in these experiments, there was a small decrease in the efficiency of translation (10-15%) even in the presence of poly(rA)oligo(dT), but in this concentration range nonspecific inhibitory effects on the translation of BMV RNA was observed (data not shown).
Oligodeoxynucleotides ineffective. In certain cases, however, cDNAs complementary to sequences within the coding region of mRNAs have been found to arrest translation (9). Lawson et al. (13) reported that oligodeoxynucleotides inhibited translation of rabbit aand 3B-globin mRNAs in the reticulocyte lysate system only if complementary to the first 15 nucleotides from the cap site. Oligodeoxynucleotides that hybridized further downstream, but still within the 5'-untranslated region, had no effect on globin synthesis. Gupta (12) found essentially equal effects, 82-93% inhibition, for oligodeoxynucleotides hybridizing anywhere within the 5'-untranslated region of Sendai virus NP mRNA. Oligodeoxynucleotides that spanned the initiation codon, 65 nucleotides from the cap site, were substantially less effective. In contrast, Blake et al. (5) found that oligodeoxynucleotides that hybridize over the initiation codon, as well as at the 5' end of the mRNA inhibit translation of rabbit globin mRNAs effectively. Here, and elsewhere (6), we have shown that oligodeoxynucleotides that hybridize within the coding region are also active.
Contrary to assumptions made in earlier studies, the reticulocyte lysate system does not present a background free of RNase H. The level of RNase H in freshly prepared rabbit reticulocyte lysates is between 1% and 2% of that in actively dividing cells. This does not necessarily imply that the reticulocyte, an enucleated cell, actually contains RNase H. RNase H present in the lysates may be derived from earlier nucleated erythroid progenitors present in the peripheral blood of animals rendered anemic with phenylhydrazine. The enzyme may be somewhat labile and decrease in activity upon storage or freezing and thawing of the sample. In those studies in which only oligodeoxynucleotides hybridizing to the 5' end of the mRNA were found to inhibit translation, the level of RNase H in the reticulocyte lysates used must have been very low. Because of this variability, it is advisable, when using the reticulocyte system to screen cDNAs by hybrid-arrested translation, to predigest samples with E. coli RNase H (9) .
To discern clearly the role of RNase H in hybrid-arrested translation, it was necessary to completely inhibit the activity of the enzyme. Poly(rA)-oligo(dT) proved to be very effective for this purpose. This reagent may be useful in studies of other activities of RNase H as well-i.e., its role in DNA replication and in the turnover of nuclear RNA. It is also essential to inhibit the activity of the enzyme in any experiment involving isolated nuclei or nuclear extracts in which antisense oligodeoxynucleotides are used.
Only in the case of antisense oligonucleotides that hybridize at the very 5' end of the mRNA is there any significant inhibitory effect on translation independent ofRNase H. This was observed with CAPMB-15, which is directed against the j3-globin mRNA, but not with CAPMA-15, despite the high degree of homology between the two sequences. Translation of rabbit f3-globin mRNA also has been found to be more sensitive to inhibition by oligodeoxynucleotides that hybridize adjacent to the cap site than is the a-globin mRNA (13) . The direct inhibitory effect of oligonucleotides that hybridize within this region must be at the level of translation initiation and appears to involve the interaction of the mRNA with eukaryotic initiation factor 4F (13) .
The ease with which translation proceeds through regions of secondary structure formed with oligonucleotides that hybridize within the coding region does not by necessity imply that the ribosome has an enzymatic helicase activity. As in the case of single-stranded DNA-binding proteins, preferential binding of the ribosome to mRNA when single stranded would be sufficient to disrupt the duplex. The lack of a direct inhibitory effect of oligonucleotides that hybridize over the initiation codon suggests that a similar displacement of the oligonucleotide by the 40S ribosomal subunit occurs.
Despite the fact that only the f3globin mRNA appeared to be cleaved by RNase H in the presence of CODMB-25, synthesis of the a-chain was also substantially inhibited. Synthesis of both chains was restored to essentially normal levels by the inhibition of RNase H. In earlier studies utilizing the reticulocyte system, an inhibition of the synthesis of one of the globin chains has sometimes led to an augmentation of the synthesis of the other subunit (13, 31) . Within the erythrocyte, synthesis of the two chains is not tightly coupled. In the thalassemias, the subunit expressed at normal levels is made in excess and, because it is inherently unstable, is subject to degradation. The same may be occurring within reticulocyte lysates that have ubiquitin and non-ATPdependent proteolytic pathways (32) . In any event, the oligonucleotide clearly does not produce a generalized inhibition of protein synthesis as the translation of BMV RNA is unaffected.
The requirement for RNase H for hybrid-arrested translation does not limit the utility of this approach. All actively dividing cells contain RNase H. Although its presumed functions are within the nucleus, there is evidence that the enzyme may be located within the cytoplasm as well (21, 22) . Results in the reticulocyte lysate system show that only 1% of the total cellular activity is sufficient for the targeted mRNA to be rapidly degraded. Even this low level of activity would not be required if the oligonucleotide could gain entry to the nucleus.
For antisense oligodeoxynucleotides to be used to block the expression of selected genes within intact cells, it may be necessary to modify the oligonucleotide to decrease its rate of degradation and improve intracellular transport. An important corollary of our results is that such modified analogs must not only retain normal hybridization properties but should also form substrates that are recognized and cleaved by RNase H.
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